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GaN thin films have been doped with varying Er concentratig@€91-10 at.% during
molecular-beam-epitaxy growth. As expected, the visible and infrdiRd emissions, from
photoluminescencéPL) and electroluminescend&L), are a strong function of Er concentration.

We report on the determination of an optimum Er doping level for PL and EL intensity. Secondary
ion mass spectroscopy and Rutherford backscattering measurements showed that the Er
concentration in GaN increased exponentially with Er cell temperature. PL and EL intensity of green
emission at 537 and 558 nm, due to E~44f inner shell transitions, exhibited a maximum-at

at. % Er. IR PL intensity at 1.54m, due to another Er transition, revealed the same maximum for
~1 at.% Er concentration. PL lifetime measurements at 537 nm showed that samples with Er
concentration<l1 at.% had a lifetime of~5 us. For Er concentratior=1 at.%, the lifetime
decreased rapidly to values belowus. This concentration quenching is believed to be due to a
combination of Er cross relaxation and energy transfer to GaN defects, eventually followed by
precipitation. This conclusion is supported by x-ray diffraction measurements. As a result, we have
determined that the optimum Er doping concentration into GaNisat. %. © 2001 American
Institute of Physics.[DOI: 10.1063/1.1390480

Er-doped GaN is currently being widely studteor its ~10%cm™3, while the PL intensity at 1.54um was
various optical applications. Due to the characteristic 1.54eported to saturate at even a lower concentration~o5
um infrared (IR) emission from Et" ions and minimum X 108 cm~3, which is an Er concentration of 10”3 at. %.

light absorption at this wavelength in silica, Er-doped silica-otner reported maximum Er concentrations inclugés
based optical fibers are now widely used. Many other mates 1¢18:m3 in GaAs (Ref. 7) and 4x 10°cm 3 in Al,O5.8

rials, EUCh abs Si and O‘l’_ag‘“_’S ”_(;/I and ]!_II(—jV Sergiclgndr:m'Although many experiments have been reported for GaN
tors, have been studied in order to find goo r OSBoped with Er, and a decrease of optical emission intensity at

materials for opt+oelectron|c' applications. .Faver?rtﬁcal. higher concentrations has been thought to be basically the
reported that EF" photoluminescencéPL) intensity de- . o . .
same as in other hosts, no quantitative studies of the opti-

ends strongly on both the band-gap energy of the semicon- . . :
SUCtOI’ and ?h}:a host temperatureg 'the ag\xllantages of Gaffum Er concentration have been published. In this letter, we
include a direct-band-gap transition, which is very importantreport on the optimum Er concentration in GaN for optical

in optical applications; a large energy band gap, which re€mMission.

sults in very low thermal quenchintf and thermal and Er-doped GaN has been grown in a Riber 32 MBE sys-
chemical robustness. tem on p-type (111) Si substrates. A typical MBE growth

emission in the visible range. We have previously repdrtedPreparation chamber and outgassed at 850 °C for 10 min in
visible green emission from Er-doped GaN thin films grownthe growth chamber. Electron diffraction showed clear 7
by molecular-beam epitax¢§MBE). We have observed that X7 reconstruction patterns on the(Bil) surface after out-
the visible and IR emission, from PL and electrolumines-gassing. A thin film of AIN was first grown for 5 min as a
cence(EL), are a strong function of Er concentration. In buffer followed by GaN:Er growth fiol h at 700 °C. Ga and
general, all Er host materials exhibit a practical limit in Er Al elemental sources and a SVT Associates nitrogen rf-
concentration beyond which the optical emissions begin tglasma source were used for growth. Er was introduioed
decrease. This is known as the concentration quenching e&itu during growth from a solid source. The Er concentration
fect. The limit, or optimum concentration of rare-earth ions,in the GaN film was varied by adjusting the Er cell tempera-
including Er, varies depending on the host materials. Foture from 740 to 980 °C. For electroluminescence measure-
example, the solubility limit of Er in Si is well known as ments a simple ring-shaped Schottky electrode was fabri-
cated on top of the GaN:Er film using indium—tin—oxide
3Electronic mail: a.steckl@uc.edu (ITO) sputtering and a lift-off process. The electrode has an
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FIG. 1. Absolute Er concentration in GaN as measured by RBS and SIMS ; / ‘\\
as a function of Er cell temperature. Measured activation energy of 2.9 eV m \
coincides well with the value of-3.0 eV for the vapor pressure of Er in this o 2 / \
temperature range. / ‘\\
area of 7.6% 10 “cn? and its detailed structure is shown : AN
elsewheré. 0, A -t
Rutherford back scatteringRBS) and secondary ion : )
mass spectroscogIMS) measurements were used to mea-

Er Concentration (at. %)
sure absolute Er concentrations in GaN:Er films. Measure:-

X . FIG. 2. PL and EL intensity vs Er concentratiofa) visible and IR PL
ment results showed that the Er concentration in GaN rangegkensity display maxima at 1 at. % Er:(b) visible EL intensity normalized
from 0.025 to 11.2 at.% by varying the cell temperatureby current flow shows a maximum at0.5 at. % Er.
from 740 to 980 °C. As shown in Fig. 1, the incorporated Er

concentration was observed up to the highest values mealotted in Fig. Zb) for devices with various Er concentra-
sured. The Er concentration follows an exponential depen . ' . .

dence on the Er cell temperature. An Arrhenius-like thermaf'ons'. Smcg the EL brlghtngss was mﬂuenceq by many .fac-
activation energy estimated from this curve was 2.9 e :[ors, including thos_e assqmated W'.th EL device fabrl_cat|on,
which gives an excellent agreement with the activation en:[he current normalized brightness is a more appropnate.pa-
ergy of ~3.0 eV for the Er vapor pressure in this rameter to evaluate rather than the raw bnghtne;s, ie.,
temperaturd? brightness regardless of current flow through the device at a
fixed applied voltage. We can see that the optimum Er con-
rpentration is 0.5-1 at. % for visible EL emission, which is
a 325 nm HeCd laser. Visible and IR PL intensities are plot:2/Most the same as that observed in PL.
ted in Fig. Za). Green emission at 537 nm is one of the
characteristic emissions due to the-#4f inner shell transi-

nm and measured at 558 nm. Below-band-gap excitation was
tion of ER* ions and is attributed to a transition frofhl,;,, ~ USed since above-band-gap excitation generated a yellow
t0 %l 15,. IR emission at 1.54m is a well-known transition Pand emission around 550 nm and made it difficult to mea-
from 1,35, to %l 15, and has special importance because ofsure the lifetime of Ef". As shown in Fig. 3, the_z lifetime is
current and potential optical communication applications. As°onstant at a value of js for low Er concentrations. At1
shown in Fig. 2a), both of these emissions have a maximumat. % Er, the lifetime starts to decrease with increasing con-
at about 1 at. % Er. It is well known in phosphor mateffals centration. The decrease of lifetime is most probably due to a
that the optical excitation intensity of rare-earth activatorCross relaxation of EF ions in GaN. As observed in PL and
ions exhibits an optimum concentration. The excitation residEL intensity data,~1 at. % Er concentration is a transition
ing in an ion can migrate to another ion of the same specieRoint at which cross relaxation and/or energy transfer be-

that is in the ground state as a result of resonant energgome comparable to radiative emission.
transfer when they are located sufficiently close to each

p

PL was performed at room temperature both in the vis
ible and infrared regions by above-band-gap excitation wit

The room-temperature PL lifetime was excited at 537

Finally, x-ray diffraction(XRD) was carried out to in-
other. This process is known as cross relaxation. The energyestigate the crystal structure of the GaN:Er films. Figure 4
migration process increases the possibility that the opticathows XRD spectra for four different samples, including un-

excitation is trapped at defects or impurity sites, enhancingloped GaN as a reference. T{®#02 characteristic peak of
nonradiative relaxation.

GaN at 29 =34.5° was observed to broaden in width and
EL was investigated utilizing a Schottky device consist-decrease in intensity as the Er concentration increased be-
ing of ITO ring electrodes on top of the GaN:Er layer. yond ~1-2 at. %. Most interestingly, a new material phase

Brightness normalized by current flow, defined as BIV, isappeared at@ of ~32.1° for the sample with 11.2 at. % Er.
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Er Concentration (at. % ) . . .
¢ ) FIG. 5. XRD intensity and FWHM as a function of Er concentrations. The

FIG. 3. Visible PL lifetime measurement at 537 nm with below-band-gapintensity becomes smaller and the FWHM increased beyond 1-2 at. % Er

excitation as a function of Er concentration. Lifetime decreases rapidly fof"corporation.

Er concentration greater thanl at. %. L ) .
mum Er concentration in GaN:Er with regard to optical lu-

The intensity of this XRD peak is an order of magnitudemlnescence such as PI.‘ and EL. We conclud.e. that the opti-
num Er concentration is-1 at. % based on visible and IR

smaller than that of the main GaN peak. The peak was aégl_ isible EL. visible PL lifeti d XRD. | h
signed to an EriL11) diffraction and was broad. The inten- ; » VISt et t,tf\W/'ISI et t;etrl]me, an ¢ : ésleetm; tEat.
sity and full width at half maximum(FWHM) of the WO Important things start to happen at around L at. %o rin

GaN0002 peaks were plotted for all Er-doped samples inGaN. The first is a combination of Er cross relaxation and

Fig. 5. We can clearly see that both the intensity and EWHNMENergy transfer to GaN defects, resulting in the quenching of
are constant at low Er concentrations until—2 at.% is e luminescence. The second is the reduction in crystal

reached. At higher Er concentrations, the XRD signal intenStructure quality which eventually produces a different

sity decreased and the FWHM broadened. This implies tha?hase’.ErN’ by prgcipitatiop. Thel a.t' % Er optimum con- .
centration for maximum brightness is 2—3 orders of magni-

the GaN talli lity d dation begi t1-2 at. 9
e >an crysiafine quatly degradation begins a & tude higher than that of Er in SRef. § and GaAs, and

Er incorporation. Clearly, incorporation of Er at thelO . . . 8
at. % level significantly reduces the GaN crystallinity by pre—abOUt an order of magnitude higher than that of Er igOy|

cipitation of a new phase, ErN. . At Cincinnati, this work was supported by ARO Grant
In summary, we have determined that there is an opting. DAAD 19-99-1-0348 and an ARO AASERT grant.
Equipment support was provided by an ARO URI grant and
Si(111) GaN (0002) the Ohio Materials Network. The work of Hampton Univer-
sity was supported by ARO Grant No. DAAD 19-99-1-0317.
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